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Abstract: To reveal the mechanism of rainfall- and irrigation-induced landslides in loess slopes within
cold regions, a series of tests on loess samples subjected to different permeability durations were
conducted, and the effects of rainfall on several performance indicators, including the permeability
coefficient, composition, microstructure, soil–water characteristic curve, and the shear strength of the
loess, were investigated. The results show that the permeability coefficient of the loess decreased by
68% after permeability testing. With increased permeability duration, there is a marked decrease in
total dissolved solids, sand particles, and clay particles, contrasted with an increase in silt particles.
This dynamic alters the original soil structure and impacts the soil–water characteristic curve of
the loess. Additionally, rainwater infiltration heightens the effective saturation of the loess, in turn
diminishing the shear strength of the loess as effective saturation increases. This reduction in shear
strength is further intensified with extended infiltration time (or rainfall duration). A landslide is
triggered once the shear strength diminishes to the level of the geostatic stress of the loess slope,
and the influence of the rainfall-induced loss of soil shear strength should be taken into account
during slope stability analysis. This study enhances the understanding of the initiation mechanisms
of rainfall-induced landslides in loess slopes.

Keywords: loess slope landslide; rainfall; permeability coefficient; soil structure; shear strength

1. Introduction

Landslides represent a significant natural hazard, and the progressive disaster
mode of shallow landslides poses considerable risks to human life and properties [1,2].
Landslides are triggered by various factors, including seismic activity, rainfall, and
irrigation, among others [3–7]. Earthquake-induced landslides, in particular, are typically
rapid events, offering little to no time for survival [8,9] Rainfall-induced landslides, on
the other hand, are a global phenomenon [10,11]. They often transpire either during
or after periods of rainfall. Collins and Znidarcic postulated that the formation of
these landslides is a complex process involving rainwater seepage and a decrease in
soil shear strength. Ering et al. [12] explored slope stability under transient seepage
conditions, discovering the sensitivity to antecedent rainfall, with rainfall intensity
and duration significantly impacting slope instability. Furthermore, heavy rainfall can
elevate the water table, potentially triggering a landslide [13]. This rise in the water table
increases the pore water pressure within the soil, reducing the soil’s effective stresses,
and decreasing the slope stability. Through the application of constant-shear-drained
triaxial tests, Anderson and Sitar [14] simulated rainfall-induced landslides. Huang
and Yuin [15] proposed an internal response-based rainfall criterion to predict slope
instability under rainfall conditions, observing that instability often originates at the
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slope’s toe. Sorbino and Nicotera [16] further indicated that rainfall diminishes the
matric suction and weakens the strength of the shallow soil layers.

Irrigation can also serve as a catalyst for landslides [17]. Wen and He [17] utilized the
isotropically consolidated undrained triaxial test and the constant shear drained triaxial test
to simulate the initiation of irrigation-induced landslides. Their research also encompassed
an analysis of alterations to the chemical constituents and mineral compositions within
the shear zones, providing crucial insights into the complex processes underpinning such
events. Furthermore, it is important to note that seepage flow could potentially lead to
erosion, further contributing to the destabilization of slopes. The moisture in the soil will
cause changes in the chemical composition and mineral composition of the soil, and the
increase in clay mineral content will reduce the sliding force and induce the occurrence
of landslides. Irrigation can cause seepage flow, which in turn leads to erosion within the
loess [18,19]. Howard and McLane [20] discovered that the actions of upslope seepage,
local seepage, and gravity could alter the surface grains of non-cohesive sediment, further
elucidating the complex dynamics at play. Fluvial transport plays a key role in controlling
sapping erosion in non-cohesive soils. This erosion primarily occurs in the upstream
narrow sapping zone due to increased seepage forces. The subsequent cutting action can
trigger slope failures in the undermining zone, underscoring the intricate interplay between
various natural forces and geological characteristics in the phenomenon of landslides. The
seepage process of water in the slope will produce the infiltration force, which will have
a strength deterioration effect on the shallow rock and soil mass of the landslide body,
resulting in an increase in the sliding force.

Slope instability can manifest in the vadose zone of shallow soils under partially
saturated conditions [21]. Lu and Godt [22] proposed a framework for evaluating slope sta-
bility under steady unsaturated seepage conditions, identifying that slope instability could
occur above the water table. In this context, several studies have suggested a relationship
between the shear strength of soil and factors such as matric suction or saturation [23–25].
Furthering this line of inquiry, Rahimi et al. [26] examined the impact of the soil–water
characteristic curve, the saturated permeability coefficient, and the unsaturated perme-
ability function on landslide stability during rainfall events. Their findings suggest that
slope instability is intrinsically linked to the drainage characteristics of the slope. Therefore,
understanding these complex relationships is pivotal in developing effective mitigation
strategies for landslide prevention. The decreased strength of unsaturated soil caused by
the decrease in suction stress is also an important reason for inducing landslides.

Landslides triggered by rainfall or irrigation are intrinsically linked to the seepage
processes within the soil. Gui and Wu [27] utilized the constant-suction shearing test
and the shearing-infiltration test to investigate the failure mechanism of slope soil under
water infiltration conditions. Their findings suggested that water infiltration reduces
the matric suction in the soil, leading to the formation of excess pore water pressure.
They further observed that the failure of unsaturated soil could transpire under constant
shear stress during infiltration. Consequently, excessive deformation and the wetting–
softening of the soil emerge as the primary factors inducing slope failure during water
infiltration. Indeed, soil shear strength is significantly influenced by seepage. However,
limited research has been conducted to evaluate the strength of unsaturated soils under
varying seepage durations. Several studies have explored the impact of exchanges between
groundwater and surface water on sediment properties [28–31]. For instance, when rainfall
or irrigation water flows on the surface, the underlying unsaturated soils may become
saturated. Conversely, in arid regions, evaporation induced by the dry climate can cause
saturated soils to become unsaturated. These dynamic processes underscore the intricate
relationship between seepage, soil properties, and slope stability.

The shear strength of slope soils critically impacts the stability of landslides [32,33].
The rainfall threshold affects the final stability of the slope by affecting the internal water
exchange of the landslide [34]. For example, rainfall has a great impact on soil moisture,
and scholars have built geohazard models for disaster prevention work [35–38]. Previous
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analyses suggest that soil components, permeability characteristics, and saturation levels
can change during rainfall and irrigation, leading to degradation in the shear strength
of slope soils. This can subsequently trigger landslides, particularly in loess slopes,
whose mechanical properties are highly susceptible to drying–wetting cycles. However,
there is a dearth of research focusing on the fluctuation in the grain size, structure,
and soil–water characteristic curve of unsaturated slope soils during rainfall, and the
mechanism underlying rainfall-induced landslides in loess slopes remains inadequately
elucidated. In this study, the mechanism initiating landslides in loess slopes induced by
rainfall was explored. The methodology commences with the simulation of rainfall via a
penetration test, followed by a permeability test on loess under varying permeability
durations to ascertain the permeability coefficient. Subsequently, this study examines the
soil–water characteristic curve of the loess subjected to different permeability durations.
Further, we investigate the effects of rainfall on the components and shear strength of
the loess. This understanding can provide valuable insights into the initiation of loess
landslides due to seepage, thereby contributing to the development of effective landslide
prevention strategies.

The Loess Plateau in China is particularly susceptible to rainfall and irrigation,
resulting in substantial economic losses. A case in point is the landslide that transpired
in Jinzhou and Lanzhou, on 17 September 2007, triggered by heavy rainfall. The
perennial irrigation of the woodland on the top of the hill also had an impact on
the occurrence of the landslide. This landslide disrupted the primary transportation
route between Lanzhou and Jiuzhou, inhibiting travel for several days and affecting
approximately 50,000 people’s access to Lanzhou. Furthermore, the incident disrupted
the normal operations of approximately 100 entities. After this landslide, the region
experienced multiple landslides in 2013 and 2017, causing significant economic losses.
It is imperative to investigate the mechanisms behind rainfall-induced landslides on
loess slopes, as this research will facilitate the development of preventative measures
and risk mitigation strategies.

2. Materials and Methods

This study utilizes the Shixiakou landslide, which occurred in Jiuzhou and Lanzhou,
China, as a case study (Figure 1). The landslide spans 75 m in length and 95 m in width,
with a height of 140 m. The average slope angle in the primary sliding direction was 45◦.
The landslide had an average thickness of 13 m and the backwall height ranged between
6–7 m. In total, a mass of 6.2 × 104 m3 slid onto Jiuzhou Road. The landslide occurred
in a loess area, which belongs to the 5th terrace of the Yellow River in China. Rainfall in
this area primarily occurs between July and September. The average annual rainfall in
Shixiakou is 316.7 mm, while the annual mean evaporation is 1399 mm. Typically, the loess
of the slope is in an unsaturated state, and the landslide in question occurred during a
rainfall event. This case study provides an ideal opportunity to explore the dynamics of
rainfall-induced landslides in loess slopes.

The soil samples utilized in this study were obtained from the back wall of the
Shixiakou landslide. Sampling was conducted using cutting rings with a diameter of
61.8 mm and a height of 40 mm. Following sampling, the undisturbed samples were
carefully packaged in plastic wrap. To prevent damage during transportation, buffer
materials were employed to safeguard the samples. The fundamental properties of the
loess are detailed in Table 1, while the grain size distribution is depicted in Figure 2.
These data offer valuable insights into the mechanical and physical properties of the
loess, which are essential for understanding the dynamics of the landslide event.

In this investigation, both permeability and pressure plate tests were conducted. Four
sets of undisturbed loess samples, exhibiting similar properties, were selected for these
tests (Table 2). In the permeability test, permeability durations of 5 d (L-5), 10 d (L-10), 15 d
(L-15), and 20 d (L-20) were employed. Following the penetration test, samples (primarily
formed after natural air drying and subsequently shaped using a ring knife) were used
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for grain size distribution testing, scanning electron microscope testing, and soil–water
characteristic curve testing. The samples used for the permeability test measured 40 mm in
height and 61.8 mm in diameter, while those used for the soil–water retention characteristic
test were 10 mm in height and 40 mm in diameter. This systematic approach allowed for a
comprehensive evaluation of the loess mechanical and hydrological properties.
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Table 1. Properties of the loess.

Density
[g/cm3]

Water Content
[%] Specific Gravity Sand

[%]
Silt
[%]

Clay
[%]

Plastic Limit
[%]

Liquid Limit
[%]

1.41 7.25 2.67 11.420 88.121 0.459 17.50 26.30
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Table 2. Test plan.

No. Permeability Test (Y/N) Pressure Plate Test (Y/N) SEM Test (Y/N)

L-0 Y Y Y
L-5 Y Y Y
L-10 Y Y Y
L-15 Y Y Y
L-20 Y Y Y

The permeability test was conducted utilizing a TST-55 permeameter (Figure 3) in
the Key Laboratory of Mechanics on Disaster and Environment in Western China. The
TST-55 permeameter comprises a head tube, a penetration container (which consists of a
cutting ring, permeable stone, sealing ring, upper plate, and lower plate), a water bottle, an
exhaust pipe, and clips. This apparatus and its configuration ensured precise and reliable
measurements of the permeability.
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The pressure plate test was executed using a 1500 pressure plate extractor, manufac-
tured by Soilmoisture Equipment Corp., Santa Barbara, CA, USA (Figure 4). This extractor
includes a ceramic disk, a pressure chamber, and a drainage pipe. Ceramic disks with
pressures of 5 bars and 15 bars were employed in the subsequent tests. The pressure plate
test is founded on the axis translation technique. This technique implies that the water
pressure has been translated upwards from the air pressure origin, moving away from the
region of metastable states. This method allows for a precise measurement of soil–water
retention characteristics under different pressures.
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In the permeability test, the initial step involved saturating the samples using a
vacuum chamber and pump. The loess samples were required to remain in the vacuum
chamber for a minimum of 24 h. Subsequently, the samples were placed in the pene-
tration container, with petroleum jelly applied uniformly on the surface of the cutting
rings. Next, filter paper, a permeable stone, and the top plate were positioned on the
upper section of the penetration container. Simultaneously, filter paper, a permeable
stone, and the lower plate were placed beneath the penetration container. The sealing
rings were positioned between the top plate and the penetration container. The final
preparatory stage involved filling the water bottle with distilled water, after which the
test commenced. Prior to initiating the test, the exhaust work had to be considered to
ensure the acquisition of accurate test data. A stopwatch was set in motion at the onset
of the permeability test, and permeability data were collected throughout the testing
process. Concurrently, a conduct meter was employed to assess the total dissolved solids
(TDS) in the drained water during the testing phase.
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In the pressure plate test, the samples were initially weighed using an electronic bal-
ance. Following this, the cutting rings were carefully positioned on the ceramic disk, and
the sealing ring was placed between the top plate and the pressure chamber to apply pres-
sure to the loess samples. Subsequently, the loess samples were weighed repeatedly until
no water outflow from the ceramic disk was observed for a period of 3 d–5 d. Additional
details regarding the use of a pressure plate extractor to acquire soil–water characteristic
curve (SWCC) data can be found in the referenced literature [39–44]. Following the test, the
grain size distributions of the samples were re-evaluated to analyze variations in the com-
ponents during the tests. Concurrently, a scanning electron microscope test was conducted
to analyze microstructural variations within the samples.

The permeability coefficient of the loess can be calculated using the formula [45],

KT = 2.3
aL

A(t2 − t1)
lg

H1

H2
(1)

where KT symbolizes the permeability coefficient at temperature T ◦C, a represents the area
of the head tube, L denotes the height of the loess samples, and A signifies the sample area.
Additionally, t1 and t2 correspond to the start and end time, respectively, while H1 and H2
represent the initial and final head of the tube, respectively.

The VG model which is used to fit the SWCCs can be expressed as follows:

Se =
θ − θr

θs − θr
=

[
1

1 + (aφ)n

]m
(2)

where θ is the volumetric water content; Se is the effective saturation; θs and θr are the
saturated volume water content and residual volume water content; φ is the matric suction
(kPa); and a, m, and n are the fitting parameters—a is related to the air entry value, m is
related to the residual volume water content, and n is related to the overall slope of the
soil–water characteristic curve.

To predict the shear strength in relation to soil suction, Vanapalli et al. [46] proposed a
model, which can be expressed as follows:

τf = c′ + (σ − ua) tan φ′ + (ua − uw)Se tan φ′ (3)

where τf is the shear strength of unsaturated soils; ua − uw is the matric suction; c′ and ϕ’
are the effective shear strength parameters; σ − ua is the net normal stress; σ is the total
normal stress; ua is the pore air pressure; and uw is the pore water pressure.

3. Results
3.1. Variation in the Permeability Coefficient

Figure 5 illustrates the temporal variation in the permeability coefficient of loess.
It can be seen in Figure 5 that the permeability coefficient of the loess is approximately
1.5 ×10−5 cm/s after 1 d. All samples demonstrated a decrease in permeability coef-
ficients over time, and the decrease rates gradually diminished. After a certain time,
the permeability coefficients of the samples progressively stabilized. The reduction
in permeability coefficient is intimately linked to the alteration in the pore structure
of loess. As infiltration progresses, the structure of the undisturbed loess gradually
deteriorates. This leads to a decrease in the large pores of soil, while the quantity of
small and medium pores incrementally increases, resulting in a deterioration in pore
connectivity and a subsequent decrease in the soil permeability coefficient. After the
complete structural disruption of the undisturbed loess by infiltration, the permeability
coefficients of the loess gradually stay stable, as the properties of the loess remain
constant. This suggests that the permeability coefficient of the undisturbed loess is
primarily influenced by its structure.
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Figure 5. Permeability coefficient of the loess.

To further analyze the influence of infiltration on the loess permeability coefficient,
Figure 6 shows the permeability coefficient losses of all of the tested samples. Figure 6
reveals that the absolute loss in the loess permeability coefficient is approximately 1 × 10−5

cm/s, and all of the relative permeability coefficient losses exceed 68%. These findings
highlight that infiltration significantly diminishes the permeability attributes of the loess,
subsequently inhibiting rapid drainage of infiltrated water from the soil. This process
augments the soil weight and reduces the internal friction angle of the loess, thereby
escalating the risk of landslides.
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3.2. Composition Changes of the Loess during the Tests

To delve deeper into the compositional changes of loess during seepage, we evaluated
the total dissolved solids (TDS) in the drained water and the grain size distributions of
the loess after the tests. Figure 7 shows the temporal variations in TDS in the drained
water, as measured by a conductivity meter. This indicates a rapid decrease in TDS over
time, stabilizing after 5 d of seepage, suggesting that the salt content (dissolved solids) in
the loess has reached a state of equilibrium. During the permeability test, the soluble salt
content in the loess progressively decreased throughout the seepage process, damaging
the salt cementation between soil particles. This process altered the particle contact mode
and led to the restructuring of the pore structure. This restructuring process, characterized
by a reduction in large pores and an increase in small and medium pores, continuously
decreased the permeability coefficients of the soil samples. After 5 d of seepage, both the
TDS and permeability coefficients appear to achieve stability.
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Figure 8 illustrates the grain size distributions of loess before and after the tests. It
can be observed in Figure 8 that the content of particles with a grain diameter less than
0.01 mm diminishes after the test. Conversely, the content of soil particles with diameters
ranging from 0.01–0.1 mm increases after the test. Moreover, soil particles with diameters
less than 0.1 mm decrease in content after seepage. Macro voids and vertical joints present
in the loess facilitate water infiltration. As water permeates the loess, clay particles are
washed away, reducing the content of smaller soil particles. Concurrently, wetting-induced
collapse of sand particles further reduces the clay particle content. This decline in clay
particles weakens the clay particle cement, contributing significantly to loess degradation.
Alterations in the contact mode and pore structure observed during the tests result in a
reduced permeability coefficient. Subsequently, soil particles reorganize into a new, stable
structure, corresponding to the stabilization phase of the permeability coefficient.
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(b) percentage volume.

Figure 9 presents electron microscopy images of the loess subjected to varying dura-
tions of infiltration. These images reveal the formation of large pores in the loess subsequent
to the permeability tests, indicative of a new structural formation within the loess. The sol-
uble salts within the loess progressively dissolve, and infiltrated water washes away some
clay particles. Wetting-induced collapse of sand particles disrupts the original structure,
culminating in the formation of a new structure.
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3.3. Soil–Water Characteristic Curve

Figure 10 presents the relationship between the suction and water content of the loess.
Initial observations suggest that the water content remains constant at the initial stage, sub-
sequently declining as suction increases until it eventually aligns with the residual volume
water content. Several mathematical models, such as those proposed by van Genuchten [47]
and Fredlund and Xing [48], have been introduced to delineate the relationship between
soil suction and water content. The van Genuchten model was employed to fit the test
results to analyze the influence of seepage duration on the loess.

The pressure plate test was conducted within the range of 0–1500 kPa. Consequently,
matric suction less than 1500 kPa was used to align with the van Genuchten model. The
fitting parameters and their corresponding coefficients are shown in Table 2. They indicate
an optimal fit with the van Genuchten model. This allows for an examination of the impact
of seepage duration on the soil–water characteristic curve of th eloess by analyzing the
fitting parameters.

From Table 3, it can be seen that the saturated water content (θs) diminishes with
the duration of seepage, suggesting that the porosity of the loess concurrently declines,
a finding consistent with the alterations observed in pore structure induced by seepage.
Moreover, the variables a and n also exhibit a reduction with seepage duration, implying a
decrease in both the air entry value and the overall slope of the soil–water characteristic
curve over the seepage period. Conversely, the variable m increases with the duration of
seepage, corresponding to the fluctuation in the residual volume water content.
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Table 3. Fitting parameters.

Fitting Parameters
Samples

L-0 L-5 L-10 L-15 L-20

θs 0.466 0.433 0.396 0.388 0.376

θr 0.103 0.098 0.097 0.098 0.095

a 0.018 0.015 0.013 0.009 0.007
m 0.565 0.810 0.880 1.404 1.488
n 2.007 1.599 1.464 1.129 0.965

R2 0.999 0.996 0.994 0.988 0.995

4. Discussion

In the study area, annual precipitation is low (average annual rainfall is 327 mm),
necessitating irrigation for the vegetation, including trees and grass, before the onset of
the rainy season. Commencing in March each year, farmers initiate the irrigation of trees
at the slope apex. The irrigation water infiltrates the loess. Rainfall further contributes
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to rainwater infiltration. Given the arid climate of Lanzhou, Gansu Province, China,
evaporation rates are substantial, averaging approximately 1399 mm in the area. This
results in drying–wetting cycles within the slope loess. These cycles induce changes in the
loess properties, most notably its shear strength, which plays a pivotal role in determining
slope stability.

The effective shear strength parameters, derived from triaxial tests (c′ = 21.5 kPa and
φ′ = 16◦), are employed to predict the shear strength of unsaturated loess. A case study
where the net stress equals 100 kPa is examined, and the variations in shear strength under
different drying–wetting conditions are depicted in Figure 11. The shear strength envelopes
of the loess exhibit nonlinearity, corroborating the findings of Fredlund et al. [49] and
Cokca and Tilgen [50]. The shear strength of unsaturated loess was found to significantly
increase with soil matric suction, albeit at a diminishing rate. Moreover, shear strength was
observed to decrease with the duration of permeability.
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Figure 11. The shear strengths of the loess.

To further analyze the influences of permeability duration and saturation on the
loess shear strength, we present the shear strength losses for all samples after the tests
in Figure 12. From Figure 12a, it can be seen that the shear strength loss is zero in a
saturation condition under varying permeability durations. However, under unsaturated
conditions, there is a significant loss of shear strength, with the maximum loss reaching
up to 18.68%. As shown in Figure 12b, a notable shear strength loss is evident during the
wetting process, with the maximum loss at 42.90%. These findings reveal the significant
role of both permeability duration and saturation in determining the loess shear strength,
with saturation exerting a more profound influence than permeability duration. During
rainfall, the infiltrating rainwater augments the soil saturation, leading to a decrease in soil
shear strength as saturation increases. Moreover, the shear strength continues to decline
with prolonged infiltration time (or rainfall duration). A landslide is triggered when the
shear strength decreases to the level of the gravity stress of the soil slope.
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Based on the analyses above, the mechanism of the landslide can be revealed as shown
in Figure 13. The loess within the shear zone commences wetting under rainfall. Soluble
salts and clay particles within the loess decrease due to irrigation or rainfall, leading to
alterations in soil particle contact mode and pore structure. This results in a decrease
in larger pores and an increase in small- to medium-sized pores, consequently reducing
the loess permeability properties. The infiltrated water cannot drain rapidly from the
soil, thereby increasing the weight and decreasing the internal friction angle of the loess.
Concurrently, the loess within the shear zone softens or weakens, and its shear strength
significantly reduces due to wetting. After irrigation or rainfall, the infiltrated water rapidly
evaporates due to the arid climate, initiating the drying of the loess within the shear zone.
Nevertheless, the shear strength of the loess within the shear zone remains weaker than
before. Upon subsequent wetting by the second or third irrigation or rainfall, the shear
strength reduces more rapidly than the first instance. A landslide on the loess slope is
triggered once the gravity stress exceeds the loess shear strength.
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5. Conclusions

To reveal the initiation mechanism of the landslide for the loess slope induced by
rainfall, we carried out a series of tests for loess under different permeability durations and
studied the influences of rainfall on the permeability coefficient, components, microstruc-
ture, soil–water characteristic curve, and the shear strength of the loess. The following
conclusions can be made:

(1) Infiltration significantly decreases the permeability properties of the loess, with a loss
of over 68% of the permeability coefficient observed after the 5 d permeability test.
Due to the reduced permeability coefficient, the infiltrated water cannot drain rapidly
from the soil. The trapped water increases the weight and decreases the internal
friction angle of the loess, thereby escalating the risk of landslides.

(2) Seepage results in a decrease in total dissolved solids, sand particles, and clay particles,
while silt particles increase. This alters the structure and impacts the soil–water
characteristic curve of the loess. Consequently, the shear strength of the loess slope is
also affected.

(3) Infiltrated rainwater enhances soil saturation, leading to a decrease in soil shear
strength as saturation increases. This shear strength continues to diminish with
prolonged infiltration time (or rainfall duration). A landslide is initiated once the
shear strength is reduced to the gravity stress of the soil slope. The loss of soil
shear strength induced by rainfall must be factored into any slope stability analysis,
particularly when dealing with a loess slope.
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